The use of radio frequency energy is an established technology for certain oncology therapies. Direct inputs of radio frequency (RF) energy as thermal energy are applied to ablate tumors or catalyze secondary reactions in adjunct treatments against certain tumor types. Yet, other applications are being developed which take advantage of properties of RFs that impinge on biological proteins and cells without thermal effects. Here we report a proof-of-concept application of specific, digitally encoded, low power (non-thermal) radio frequency energy in an in vitro preparation of a tubulin polymerization assay. The radio frequency energy signal, designated M2(3), was applied to the tubulin polymerization assay samples during spectrophotometric measurements to assess the effectiveness for enhancing tubulin polymerization. A commercially available taxane (paclitaxel) that promotes tubulin polymerization was used as a control to assess the effectiveness of the M2(3) radio frequency energy signal on tubulin polymerization rates. A low power, specific, digital radio frequency energy signal is capable of promoting tubulin polymerization as effectively as a commercially available taxane.
Introduction
The taxanes (e.g., paclitaxel, docetaxel) and vinka alkyloids (e.g., vinblastine, vinorelbine) are currently the only of tubulin polymerization was observed under controlled conditions during M2(3) signal delivery and was confirmed via scanning electron microscopy. This RFE technology indicates the potential for use as a cancer therapy.
Materials and Methods

Signal Acquisition and Selection
A custom built electromagnetic isolation and recording chamber, called "Molecular Interrogation and Data System" (MIDS), was designed to measure time sequences of non-stimulated and DC offset magnetic field (MF) perturbations from molecules suspended in water (Supplement). Briefly, MIDS is a specialized, low temperature (liquid Helium) superconducting quantum interference device (SQUID), inside a shielded chamber, housing a low temperature shielded Dewar connected to a data acquisition system ( Figure S1 ). The combination of the superconducting niobium second derivative gradiometer and the shielding in the MIDS is able to cancel external magnetic fields by ~80 dB (dependent on frequency; Figure S3(a) ). The low temperature SQUID coupled to the gradiometer detects small oscillations in the magnetic field over short time periods and converts these oscillations into current sequences. A DC offset (226 mV) was injected to re-bias the SQUID when capturing signals from samples (ultra-pure [UP] water and the taxane in UP water). A taxane suspension (6 mg/mL; BMS Company, Princeton, NJ, NDC 0015-3475-30) in a glass vial (Kimble 60820-830, 8 × 30 mm) was lowered into the MIDS chamber. The magnetic field perturbations from a sample were recorded in the MIDS using a Keithley KPCI-3108 data acquisition board operating in differential mode. Signals were recorded for 60-second intervals with a 226 mV offset, digitized using proprietary software (Supplement), and stored as a WAV file (Microsoft format) ( The WAV file format is an industry standard for the recording and transmission of signals in the 0 -40 kHz range. Signals were selected from four sets of recordings done over a period of a few weeks (a total of 1059, 1-minute recordings) from the MIDS, using a frequency analysis package in FlexPro8 (DEWETRON GmbH, Parkring 4, A-8074 Graz-Grambach, Germany). The digitized data from FlexPro8 plots of the signals were converted from the time domain into the frequency domain using a Fast Fourier Transform algorithm and then analyzed by plotting the spectrum after enhanced autocorrelation (see Supplement). The M2(3) signal was selected due to its high signal-to-noise, low interference and low entropy for testing in the tubulin polymerization assay.
Signal Transmission and Coil Design
Voyager, an in-house built amplifier, was used to deliver the digitized signal of (M2(3)) over an optical connection to an 8 Ohm Helmholtz coil embedded in a cuvette holder (see Figure S7 (A) and Figure S7(B) ). The optic cable from Voyager to the Helmholtz coil was used in order to deliver the highest fidelity signal with the lowest magnetic field fluctuation possible (Figure 1(c) ). The M2(3) signal transmission was at levels of 0.1 µT to 10 nT via a paired Helmholtz coil configuration (see Figure S7 (A) and Figure S7(B) ). The design of the coil was set to ensure uniformity of the field vector and to increase accuracy during playback of the signal. Modeling of the magnetic field was used in order to map the field strength and uniformity (see Figure S7 (C)). The signal was transmitted as a complex wave form, with a variable flux density of 1-second duration at varying Tesla increments, using a program designed in LabView (National Instruments Corporation, Austin, TX).
Mu-Metal Isolation Chamber
All experiments were performed inside an EMF isolation chamber. Briefly, the chamber was constructed from 0.25-inch thick copper plate on all sides, surrounded via Mu-metal shielding on the inside and outside. The schematics covering this chamber are covered in Figure S6(a) . A small hole on the side provided access for the cables and optics. All cables were twisted pair cables to minimize EMF interference. A small removable lid provided access to the Helmholtz coil and the cuvette holder (Figure S6(a) and Figure S6(b) ).
Tubulin Polymerization Assay
All buffers, guanosine triphosphate (GTP), dimethyl sulfoxide (DMSO) and tubulin for the tubulin polymerization assay were purchased from Cytoskeleton, Inc. (http://www.cytoskeleton.com/; kit CDS01B). The lyophilized tubulin was resuspended in tubulin polymerization buffer (GPEM, which is PEM plus 1 mM GTP and 5% glycerol). PEM is the general tubulin buffer (80 mM Na-PIPES pH 6.9, 1 mM MgCl 2 and 1 mM EGTA). The tubulin solution was centrifuged at 13,000 rpm (Galaxy 14-D, VWR) for 10 minutes in 1.5 mL Eppendorf tubes and the supernatant was stored in aliquots of 160 µL in 0.5 mL Eppendorf tubes in liquid nitrogen. The lyophilized tubulin was resuspended in tubulin polymerization buffer (GPEM) to a final concentration of 1.5 mg/mL. All controls and experimental assays were performed at room temperature (RT) in a 70 µL disposable, plastic cuvette (UV Cuvette, Plastibrand, GMBH + Co KG, Postach 11 55, 97861, Wethein, Germany) placed inside a Mu-metal isolation chamber.
Polymerization Experiments
A spectrophotometer (Cary 50-Bio, Varian, North America) was used to measure optical density (OD) at 310 nm in kinetic mode, usually recorded as 10 min traces; absorbance was measured every 10 seconds and averaging time was set to 1 second. A fiber optic cable was used from the spectrophotometer to a custom built cuvette holder with Helmholtz coils (Figure 1(c), Figure 1(d) ; Figure S7(B) ) placed inside the Mu-metal isolation chamber. Immediately before the start of an assay, an aliquot of the reaction mixture was thawed rapidly in an RT water bath. After a 10-minute spin (13,000 rpm; Galaxy 14-D, VWR) at 2˚C, the supernatant was transferred into a cuvette for continuous measurement at room temperature for 10 min, unless otherwise indicated. Background polymerization (buffer control) was done in PEM buffer, polymerization reactions (taxane, tubulin control and M2(3) signal) were done in GPEM buffer. The samples were handled in sequence, starting with the buffer controls, followed by tubulin controls, then the taxane samples. The final samples in the sequence were exposed to the M2(3) signal. A single individual performed the assay runs for all the different samples and sample runs, in the same location and not deviating from the established sequence process. All samples experienced the same motion in space (handling, mixing and measurement) and temperatures were kept identical between samples. Temperature variations due to heating of the Helmholtz coils were sampled with signal power applied or without (Figure 2(e) ). No discernible heating was observed when power was applied continuously to the coils over a 100 minute sampling run.
Scanning Electron Microscopy Experiments
All imaging was performed at NanoImaging Services, Inc., 10931 North Torrey Pines Road, Suite 108, San Diego, CA 92037. All samples were coded and were prepared for electron microscopy using negative staining by PTA (phosphotungstic acid, Ted Pella Inc.), 2% in ddH 2 O, pH 7.12. Grids used were 400 copper mesh, coated with a layer of formvar and continuous carbon (Ted Pella Inc.). Grids were cleaned using a Solarus plasma cleaner (25% O2, 75% Ar; Gatan Warrendale, PA) for 10 seconds shortly before application of the sample. A ~3 µL sample was applied to the surface of the grid. The sample was then washed using 5 × 200 µL drops of ddH2O sitting on the surface of parafilm. A 3 µL drop of stain was then immediately added to the grid and allowed to sit for ~30 seconds. The grid was blotted by applying a KimWipe (Kimberly-Clark) to the edge of the grid and allowed to dry completely under ambient conditions. Electron microscopy was performed using an FEI Tecnai T12 electron microscope (FEI North America) operating at 120 KeV equipped with an FEI Eagle 4 K × 4 K CCD camera (FEI North America). Images of each grid were acquired at multiple scales to assess the overall distribution of the specimen. After identifying potentially suitable target areas for imaging at lower magnifications, pairs of high magnification images were acquired at nominal magnifications of 52,000× (0.21 nm/pixel) and 21,000× (0.50 nm nm/pixel). The images were acquired at a nominal under-focus of −2 μm (52,000×) and −6 μm (21,000×) and electron doses of ~10 -15 e − /Å 2 .
Results
Signal Acquisition and Transmission of the M2(3) Signal for Tubulin Assay
Signals emitted by the taxane solution in the MIDS recording chamber were acquired over an 18 hour sampling run, with repeated one-minute measures, of the same sample with no DC offset and a range of DC offsets applied during recordings. A flow diagram (Figure 1 ) delineates the process of signal acquisition, signal processing and signal exposure to samples. Signals were analyzed from the recordings and sorted ( Figure S2 ). is analyzed and the radio frequency divided into signal components for digitization into a WAV file; (c) The WAV file is transmitted via an amplifier to an 8 Ohms Helmholtz coil embedded into a custom built cuvette holder; (d) The cuvette holder is specifically designed to accept a fiber optic cable for the measurement of optical density (OD) at 310 nm via a Cary-50 spectrophotometer. The cuvette holder is placed within a custom built Mumetal chamber, with only the fiber optic and amplifier wires running into the chamber.
The M2(3) signal was chosen as the likeliest candidate from the different samples. As explained in the Supplement, signals with high power-to-noise, low interference and low entropy were selected after analysis of the individual recordings from the MIDS. The digitized M2(3) signal was transduced with the Voyager to the Helm-holtz coil containing the cuvette with the tubulin solution in one-minute loops. These loops were emitted in 0.5 dB increments, 42 steps of one-second duration. All tubulin assays were performed inside the Mu-metal isolation chamber, ensuring that the only variable that changed was the induction of signal transmission over the Helmholtz pair producing a uniform gradient field.
Tubulin Depolymerization Is Inhibited When Signal M2(3) Is Transmitted
A total of 34 individual experiments were performed with the tubulin polymerization assay. All experimental runs were performed at room temperature (23˚C -25˚C) in order to minimize spontaneous polymerization. Fresh aliquots from pre-made batches of the tubulin assay kit were thawed and used for each experiment. The cuvette holder (Figure 1(d) ) was placed inside a custom built Faraday/Mu metal chamber (see Figure S6 (a) and Figure  S6 (b)) with an access hatch for cuvette placement. During assays of taxane, tubulin control and buffer control, no signal was applied to the Helmholtz coils. The M2(3) signal was transmitted after the tubulin assay components were mixed in the cuvette, the cuvette placed in the holder and the lid closed. Spectrophotometer OD traces measured over 10 minutes at 310 nm were recorded. All the traces from the 34 individual experiments are displayed in Figure 2 , divided into 4 groups, A -D. All traces were set to zero by subtracting the starting value of a trace from all subsequent values along the trace. Traces were separated into 4 columns (buffer control, tubulin control, M2(3) signal and taxane) in order to better visualize the change in OD over time for each condition tested. In total, 111 replicate runs of buffer control, 72 replicate runs of tubulin control, 362 replicate runs of M2 (3) Although the majority of tubulin samples treated with the taxane or the M2(3) signal did not produce changes that were different from buffer and tubulin control samples (Figure 3(a) , lower half), when the M2(3) signal did work, the traces were robust and easily identified from the background (Figure 3(a) , upper half).
Trace averages were compared on the same graph (Figure 3(b) ), clearly showing the M2(3) traces produced a higher response profile compared to the taxane traces. A one-way ANOVA (α = 0.05) of the terminal OD measures (600 seconds) reveals a statistically significant difference between sample populations ( Table 1) . A posthoc T-Test (two-tailed, unequal variance; α = 0.01) with Bonferonni correction (n = 6) revealed a statistical significance between the M2(3) OD > 0.01 and the other populations ( Table 2) . Although the tubulin polymerization assays were done at a sub-optimal temperature (25˚C vs. 37˚C), the M2(3) signal average was significantly higher than taxane (OD > 0.01) and had distinctly different velocity profiles (Figure 3(c) ). Temperature variations were not sufficiently different (Figure 2(e) ) to play a part in the measured differences among the M2(3) exposed samples, the taxane treated samples and the control samples.
The optical density profile of the M2(3) signal traces that exceeded changes of OD 0.01 produced ( Figure  3(c) ) a higher and faster change in the OD readings than did taxane samples. The rate of change of the OD measurements over time appeared to decrease in accordance with the saturation of the samples with polymerizing tubulin and a depletion of freely available subunits. Both taxane treated samples and M2(3) signal exposed samples appeared to converge on a steady-state change in OD values after 10 minutes. The changes in OD values were further validated by electron microscopy. 
The M2(3) Signal Produces Stable Tubulin Structures under Scanning Electron Microscopy (SEM) Analysis
Samples from a tubulin polymerization assay (Figure 4 , SEM images) were taken after running the tubulin assay for 60 minutes. Samples were coded in order to blind the SEM technician as to the treatment of the samples. The micrographs are representative of the type of microtubules observed in selected visual fields of the SEM grid (Figures 4(A)-(F) ). Tubulin exposed to the taxane (4 µM) produced continuous microtubules of polymerized α and β subunits of tubulin (Figure 4(A) and Figure 4(B) ). In these controls, long, continuous bundles of microtubules were seen in a sparse background of small polymers or small aggregates of tubulin in the size range of 10 -50 nm. Very few microtubule bundles exceeded 100 nm in length. When samples subjected to the M2(3) signal were analyzed, the high concentrations of these protein aggregates obscured many of the features of interest. Several large polymeric structures were seen (some in the order of 1 µm in length), but details were obscured by the high background in many areas of the grid. Structures that could be seen (Figure 4(C) and Figure 4(D) ) reveal highly aggregated bundles of what are apparently microtubules. Large polymeric structures were seen more frequently with M2(3) signal exposed samples than with the taxane treated samples. Both the tubulin control and white noise control reveal a sparse background of small polymers and aggregates, with no large polymeric structures appearing in any of the fields that were visualized. The SEM imaging results were consistent with the observed tubulin assays.
Discussion
The electromagnetic spectrum encompasses a wide range of phenomena, from gamma rays to radio waves. Our increasing understanding of the effects of the EM spectrum in biology will likely render new options for cancer treatment in the near future. The development of RFE for therapeutic applications is still at an early stage, with thermal ablation being an early application. Other technologies, like the NovoCure TM tumor treating field (TTF) using alternating electric fields to treat cerebral tumors [22] , are early indicators of the direction for RFE-and EM-based therapies in oncology.
The understanding of EMF's direct interaction with biological processes has undergone a transition in the last thirty years. The weight of evidence clearly supports the hypothesis that EMF and RFE can directly interact and affect biological proteins and alter biological processes without thermal effect [35] - [38] . The question of how the EMF or RFE interacts with the biological machinery still remains to be understood and answered. Depending on the frequency used, different effects of low power RF energy produce either growth inhibition of tumor cell lines or increased survival rates in tumor-bearing mice [27] [28] [39]- [43] .
The underlying theory for the Nativis RFE technology is the ability to mimic the magnetic environment that surrounds a solvated taxane molecule (or group of molecules). By measuring the magnetic signal of taxane molecules in a water suspension, digitizing the output and transmitting an RFE signal to our samples, we hypothesized that we could mimic specific magnetic components of the taxane and redistribute charge via the water molecules around the solvated α -β tubulin proteins. We hypothesize that the RFE signal (M2(3) signal) stabilized the tubulin subunits by redistributing charge via the magnetic field of the RFE in solvated proteins [44] , similar to the charge distribution that a physical taxane molecule induces. Electron transfer is central to the function of many biologic processes and artificial magnetic fields are capable of triggering a receptor response and conformational change in the absence of a physical agonist [45] . We suspect that the RFE interacts with the solvation shell surrounding the tubulin subunit, causing the solvation shell to increase in density, forcing a conformational change [46] . The energy range used in these experiments is in the milliwatt range, producing magnetic fields of 0.1 nT to 10 µT intensities. These energy levels are well below thermal ablation intensities, but they are within the range capable of affecting biological proteins [47] .
Our rationale for using the tubulin polymerization assay as a proof-of-concept was the well characterized nature of the assay, its high repeatability, its use in industry to test the effects of new molecules on potential cellcycle inhibition, a completely acellular system and the minimum number of protein components [48] - [50] . The M2(3) signal was delivered via a digitally controlled prototype amplifier unit (Voyager, Figure S6 (b)) and there was no variation in the M2(3) signal content. Indeed, these experiments represent the earliest attempts by Nativis to develop the proof-of-concept technology for RFE transmission of specific signals, using prototype systems that were not optimized.
Although temperature plays a critical role in this assay, we consciously chose to perform the tubulin polymerization assay at RT. According to the tubulin assay manufacturer's instruction (Cytoskeleton, Cat. # BK006P), every 1˚C drop in temperature from 37˚C produces a 5% drop in OD change. A ~50% drop in OD change potential from the manufacturer's estimates was calculated to have occurred in our experimental setup, reducing spontaneous polymerization of tubulin. We suspect that the low number of taxane traces that exceeded OD > 0.01 were due to this low temperature regime. The low temperature regime makes the observation of increased polymerization with the M2(3) signals more notable. Concerns regarding thermal effects of the RFE are minor as the energy range used was not sufficient to raise the temperature of the coils or alter the temperature close to the samples. Measured temperature changes with power applied to the coils resulted in less than ±0.2˚C change over 2 -3 hours (Figure 2(e) ). Both the coil and sample temperatures varied minimally and do not explain the observed difference in OD.
All traces were displayed in order to show the variability within the experimental system, as well as the effect of the M2(3) signal on tubulin polymerization. All traces were screened under strict criteria and analyzed independently of the scientists at Nativis, independently by an external reviewer (XAF). The variation of the traces for the M2(3) signal was probably due to non-optimized conditions, as a range of Tesla intensities were applied during exposure to tubulin samples (0.1 nT to 10 µT ). Experimental sets were selected and analyzed only when control samples (buffer and tubulin controls) were at steady state conditions (no changes in OD over 10 minutes). Otherwise the entire experimental set (controls, M2(3) signal and taxane) was excluded in the analysis. Data in aggregate can become meaningless when discussing a new technology that is non-optimized, hence our decision to divide signals into two groups (OD > 0.01 and OD < 0.01). The hit-rate (i.e., the tubulin assay exceeding OD > 0.01) was 10.5% for the M2(3) signal, less than half of the taxane group (26.3%), but greater than the tubulin control group (no events exceeding OD > 0.01). Furthermore, the overall OD changes were statistically significant for the M2(3) signal that exceeded OD > 0.01.
The characteristic of the OD changes when the M2(3) signals were delivered to the tubulin samples was the rapid rise in OD measurements, with a stable nucleation and growth phase (Figure 3(b) ) that was greater than the taxane positive control. The taxane treated samples showed a characteristically less stable nucleation phase (there was a drop in OD values within 25 -50 seconds of the start of measurement) and a slower and lower value transition into the growth phase (Figure 3(b) ). Measurements of the rate in OD change also demonstrated that the samples exposed to the M2(3) signal produced larger and more sustained rates of change than the taxane treated samples (Figure 3(c) ).
Further supporting evidence is provided by the use of scanning electron microscopy on samples that were prepared after an experimental run with the M2(3) signal. Control samples, as well as white noise (random signal RFE transmission), revealed globular and sparse deposits on the SEM images (Figure 4(E), Figure 4(F) ).
Only the M2(3) signal samples (Figure 4(C), Figure 4(D) ) and taxane sample (Figure 4(A), Figure 4 (B)) revealed any polymeric structures that could be recognized as microtubules. Furthermore, the M2(3) signal produced an excess of short, globular polymers and highly aggregated microtubule bundles. These were not seen in any of the other samples, including the white noise samples. The addition of white noise to this set was to preclude a thermal effect for the SEM portion of our experiments. White noise was not included as a control of the previous sets (Figure 2 and Figure 3 ) of OD measures, mainly due to time constraints and the lack of change in temperature that was observed (Figure 2(e) ) when the M2(3) signal was transmitted. The SEM samples were also analyzed independently by a third-party specialist (NanoImaging Services). The samples were coded so that the SEM technician would not know the type of treatment the sample received and the subsequent interpretation would not be contaminated by the expectations of the Nativis scientists. Our study strongly supports the hypothesis that a specifically encoded, digitally controlled, non-thermal RFE signal can induce changes in tubulin subunit interactions that mimic those of a taxane. A key concept to keep in mind is the specificity of the signal that produces the effect and the cyclical exposure of the signal to the samples being analyzed. Furthermore, this is the first published use of an RF technology that directly measures the effect on a cell-free system and targets specific proteins (α -β tubulin dimers). Non-specific effects due to cellmembrane impedance or Ca 2+ released from intracellular organelles cannot explain the inhibition of tubulin depolymerization.
Although arguments can be made that our testing, at best, biased the promotion of tubulin polymerization, we contend that the RFE signal can be developed into a medically relevant technology. Based on these proof-ofconcept results, we are embarking on cell culture and mouse studies of U-87 GM cells lines. We will test the effectiveness and efficacy with a more advanced version of the Voyager system and with an independent laboratory performing the experiments and analysis.
Supplement
Here we describe the technical details of the MIDS system that was used to record magnetic signals from an aqueous paclitaxel solution. We then describe the details of signal processing and the criteria for the selection of the signal M2(3) from among all the signals we acquired and finally we describe the technical details of the transmission of the signal M2(3) to biological samples.
MIDS (Molecular Interrogation and Data System)
The MIDS system (Figure S1(a) and Figure S1(b) ) was designed in collaboration with Tristan Technologies, who constructed and assembled the system (http://tristantech.com/).
Cryogenic part of the MIDS system consists of a 50-liter liquid helium cryogenic Dewar, Model BMD-6 (Tristan Tech, Figure S1(a), cryogen 716) . The Dewar is shielded by Mu-metal and additional superconducting electromagnetic shielding (Figure S1(a) , MU Shield 718; Figure S1(b) , 718, 706) in addition to a lead lining (1a, 1b, 1c) .
The Signal acquisition part of the MIDS system is the magnetic sensing package that is surrounded by the Dewar. It consists of a second derivative 4-element gradiometer that is formed from a niobium superconductor and is connected to the input coil of a low temperature (liquid Helium), direct current, superconducting quantum interference device (SQUID, Model LSQ/20 LTS, Figure S1 (d), Figure S1(e) ). Around the sample well, a two-element Helmholtz transformer is installed orthogonally surrounding the second derivative gradiometer and is connected to a DC offset of 226 mV (Figure S1(b) , 726 and 728; Figure S1 (e)). The orthogonal placement of the Helmholtz pair renders the input of the DC offset (226 mV) mostly undetectable to the gradiometer. The function of the DC offset is to slightly alter the random orientation of molecules in solution to a more deterministic order. The electric output of the SQUID is connected to a Model SP cryogenic cable (Tristan Tech) that is capable of withstanding the temperatures around the cryogenic Dewar. The cable transfers the signal from the SQUID to a Flux-Locked Loop (model iFL-301-L, Tristan Tech.) mounted externally to the Dewar. The signal then passes over a model CC-60 six meter fiber-optic composite cable (Tristan Tech) to an external iMC-303 iMAG SQUID controller. This fiber-optic cable carries the operator set control signals from the SQUID controller to the Flux-Locked Loop, reducing the possibility of electromagnetic interference of the control currents with the signal to be measured. The SQUID controller undergoes analog to digital conversion via a Keithley KPCI-3108 data acquisition board operating in differential mode. The changes in the magnetic field emitted from the sample are recorded by the SQUID/gradiometer as voltage changes over a 60 second time period and are saved as 24-bit WAV (PCM) files. In 60 seconds, a total of approximately 2.6 million floating points (24 bit) of data are captured. A 20-milli-second window of the water and paclitaxel sample (Figure S3(b) , top left and top right, respectively) are illustrative of the data that are recorded. The WAV files are stored digitally and are then used for signal analysis and signal transmission.
Sensitivity of the MIDS System
The MIDS system allows the detection of very small changes in the magnetic field emitted by molecules suspended in water due to the high level of magnetic "noise" attenuation achieved with the MIDS system (for measuring details see signal analysis below). A power spectrum analysis (Voltage delta Root Mean Square/root Hz, FlexPro8) demonstrates an internal frequency-dependent reduction of the external magnetic background field (Figure S3(a) ). A frequency-dependent noise reduction of up to −100 dB can be achieved, with an average reduction of −80 dB across all frequencies. The second derivative gradiometer and SQUID combination has a theoretical maximum sensitivity of approximately 4 ƒT, with a noise floor of approximately 60 ƒT.
Signal Analysis
The optimal signal M2(3), containing the highest signal-to-noise ratios and spectral content, was selected from a wide range of measured signals as outlined below. Each recorded 24 bit WAV (PCM) file was analyzed with programs contained in the commercial FlexPro8 package. Mathematical algorithms that were used to identify signal characteristics are described in detail by [1] - [3] . The steps used in signal analysis are outlined in Figure  S2 Signal analysis can be divided into the following major steps. 
Autocorrelation
Flexpro8 first performs a normalized autocorrelation within the time domain for each signal ( Figure S2 , Box 424). This generates a discrete sampled, auto-correlated time-domain signal from the initial WAV file. The auto-correlated time series is 60 seconds long (Sample Duration), with a rate of 44,100 samples per second, thus providing a total of 2,646,000 (Sample Duration * Sample Rate) samples. The Frequency Range that can be recovered from the signal is half the Sample Rate (Nyquist). Hence, with 44,100 samples per second, the Frequency Range we cover is 0 Hz to 22 kHz.
Fast Fourier Transform (FFT)
An FFT, using a Radix 2 Real Fast Fourier Transform (RFFT) (Flexpro8), was used to convert the signal to a frequency domain spectrum for further analysis ( Figure S2, Box 428 ). An FFT Size of 8192 was selected to provide enough resolution for at least one spectrum bin per Hertz for the Frequency Range at or below 8 kHz.
The Sample Duration of 60 seconds was long enough (Sample Count > (2) * FFT Size * 10) to ensure reliable results. We chose to overlap the FFT input by half the FFT Size, which reduces the error to 1/(0.81 * 2 * FFT Size)^0.5. This reduces the statistical error from 0.0110485435 to 0.0086805556 (For additional information about errors and correlation analyses in general, consult [4] ). Note that (FFT Size) = 8192 is the resolution, or is the number of bins in the range dictated by the sampling rate. The variable n, which dictates how many discrete RFFTs (Real FFTs) performed, is set by dividing the Sample Count by (FFT Size) * 2, the number of FFT bins. We have chosen 8192 for the variable (FFT Size), which allows us to pick up weaker signals (based on bin resolution, F s /N, where F S is the input signal's sampling rate and N is the number of FFT points used.) The program initializes the histograms and arrays and copies (FFT Size) samples of the wave data into buffers, and performs an RFFT on the wave data. The FFT is normalized so that the highest amplitude is 1 and the average power for all bins (FFT Size) is determined from the normalized signal. For each bin frequency, the normalized value from the FFT at that frequency is added to each bin in its buffer. The program RFFT then looks at the power at each bin frequency, relative to the average power calculated from nearby bins. If the power is within a certain factor epsilon (between 0 and 1) of the average power, then it is counted and the corresponding bin is incremented in the histogram; otherwise, if the power is outside of 0 or 1, the corresponding bin is discarded.
In summary, the Radix 2 Real Fast Fourier Transform program performs the FFT on the samples sequentially and averages the results together for the final spectrum ( Figure S2 , Box 430; see Figure S3 (c) and Figure S4 , for a typical output at this stage.)
Histogram Method of Generating Spectral Information
After RFFT, the different signals were compared to each other in a line plot ( Figure S2 , Box 432) and/or after applying the root mean square (RMS) analysis on the FFT output (see Figure S3(c) ; upper graph, water; lower graph, M2(3) paclitaxel signal). Other paclitaxel signals that were not chosen ( Figure S4 ) are presented for comparison. A Fourier SSA, sum amplitude square analysis was performed on various signals presented in the supplement to show signal content and to differentiate between different signals. The bin histogram produces two types of data, one representing information in the frequency domain, and a score value representing the overall power contained in all bins over epsilon. The power over epsilon was used to help identify candidate signals.
The histogram (Figure S3(c) and Figure S4 ) produced by the RFFT contains in each bin the number of times that the power at that frequency was above [epsilon * the average power for that whole FFT output; epsilon = 1.2]. If a bin count is incremented due to unstructured noise, that noise will be distributed across all the frequency bins over time, thus not amounting to much in a given bin. If there is consistent signal at a given frequency, it will be present at each of the n time slices and thus have a bin count approaching n. Large amplitude noise, such as sixty Hertz and its harmonics have both high bin counts as well as high average power. We can differentiate between the inherent noise frequencies and the ones in which we are interested, which have low average power but high bin counts (compare Figure S3(c) , upper panel with lower panel and lower panel of Figure S3(c) with Figure S4 ).
Criteria for Selection of M2(3) from All Other Signals
M2(3) was selected because it had a high histogram index (score), high signal to noise, low entropy and low artifact. (Figure S3(c) , lower panel, compared to the rejected signals ( Figure S4) . The original WAV file of M2(3) recorded from the MIDS was then used for signal transmission to the MIDS. No alterations were made to the WAV file.
Signal Transmission to Biological Samples
Voyager VX (experimental prototype) was designed and constructed in house. Voyager VX (Figure S5(a) , Figure S5(b) ) converts the digital time domain signal (WAV file recorded from the MIDS) into current pulses. These current pulses were transmitted to the Helmholtz coils that surround the tubulin assay mixture. Voyager VX consists of a pre-amplifier (Black box on top; Creative Labs, model No. SB1090)/amplifier; Figure S5 (a), 556; Figure S5(b) ) connected to a control unit (552) that puts out an amplified signal voltage to an attenuator (558), also under the control of unit 550. The attenuator converts the signal voltage generated by the amplifier (556) to a current that is supplied to the transducer Helmholtz coils to produce a selected range of magnetic fields (see Coil design below). Output functions and field strengths are set at the Voyager VX and are displayed on 553 (Figure S5(b) , zoomed portion). The Voyager VX was set to achieve incremental uniform gradient magnetic fields from about 0.1 nT to 10 µT, over 42 increments, each setting was maintained for 1 second and the system continuously cycled through the range of field strengths over a 10 min period. The signal was supplied to the Helmholtz coils (Specifications see below) (562 and 564, Figure S5(a) ). The Helmholtz coils are housed inside a Mu-metal chamber (Figure S6(a) and Figure S6(b) ). The experimental sample was monitored by a photo spectrometer over an optical cable (568 and 570) connected to a spectrometer to measure the effects of the signal. Figure S6 . Optical path in cuvette holder is diagrammed in Figure S6 (a), #568 and #570; (C) The modeled magnetic field generated by the Helmholtz pair. The red box between the Helmholtz pair represents the external dimensions of the cuvette. The internal, color gradient rectangle represents the cuvette volume that contains the sample for exposure and measurement. The color gradient scale (below the field model) represents the relative Tesla strength (intensity) of the applied field to the sample. The dashed black arrow represents the light path of the OD measurement.
Coil Design and Coil Shielding
The signal was transmitted to a pair of 8 Ohm Helmholtz coils. The Helmholtz pairs were 8.5 millimeters in diameter, positioned at opposite sides of the cuvette with the tubulin assay sample (Figure S7(b) ). The distance from coil edge to coil edge relative to the samples was 1 radius. The holder was placed inside the EMF isolation chamber (Figure S6(b) ). All measurements were performed in this set-up. The electromagnetic field that is generated in the Helmholtz coils can be modeled (Figure S7(c) ) and has well characterized field strength. The image is a stock reference to the same Helmholtz geometry we use. The engineering of our coil pair was based on the standard Helmholtz equation with a separation between coils of one radius. The accuracy (+/− 1%) for the strength of the of the field (nT) is described for the center one-third of the diameter between the coils. The 70 µl cuvette has a narrow channel in the center one-third in order to maximize the light path length for measurement for optical density. Disposable spectrometer cuvettes were placed within the custom built holder (Figure S7(a) ) with the tubulin polymerization assay samples in the center of the Helmholtz coil where they were exposed for 10 minutes to the signal (Figure S7(b) ).
